This article describes a simulation methodology for accessing capacity of secondary indoor wireless systems that share spectrum with conventional outdoor cellular systems. The techniques described here may be used to predict capacity of the indoor system over a multiyear time window. (RF) signal attenuation inside buildings, it is possible-to have selfcontrolled indoor cellular systems which use the same frequencies as the cellular system outside the building. Such secondary indoor cellular systems are somewhat electromagnetically isolated from the outdoor cellular system by the building, and use low-power base stations and "sniffer" receivers (receivers that can scan all of the cellular channels) to determine which forward channels have external signals that are at a low enough level to be reused for indoor communications. We call these types of indoor cellular systems "parasitic" because they benefit from local spectrum holes in the external cellular system. The huge potential installed base and relatively inexpensive infrastructure cost of parasitic cellujar may make it an effective way for cellular carriers to compete with personal communication systems (PCS) when providing indoor cordless communications in densely populated areas such as office buildings, apartment buildings, and busy marketplaces. Obviously, the frequency reuse plan and the growth of the outdoor cellular system as it reaches maturity are major factors in the future reliability and performance capabilities of the indoor parasitic system. It is also important to know the characteristics and influencing factors of building penetration loss and the effects of interference from the macrocellular system as a function of height above ground (i.e., story) inside a building [l].
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This article describes a research methodology used to determine the frequency reuse that is possible between inbuilding and outside cellular systems which use identical frequency bands. This study was performed at the request of a major cellular service provider, which has since used these results to develop an indoor parasitic cellular deployment strategy. Parasitic indoor systems are assumed to operate with RF power levels low enough that they cause negligible interference to the outdoor cellular system, so this work concentrated on the interference to the indoor system caused by the outdoor cellular (macrocellular) network.
Field strength measurements were taken on different faces and floors of a large office building in a large metropolitan area, in order to model the impact of signal attenuation as a function of building floor. A model for path loss as a function of building floor based on these measurements was used to predict current channel availability of an indoor parasitic cellular system. A method was then created to simulate a growing macrocellular system and predict its effect on in-building channel availability. This simulation begins with realistic macrocellular subscriber growth figures (from 1992 market data) and performs logical cell splits throughout the geographic area accordingly. As cells split, new cells are formed which have lower transmitter powers and downtilted antennas. Models of indoor signal strength vs. story above ground are used to provide the basis for understanding the effect of these new second-and thirdgeneration outdoor cells on the in-building frequency reuse available for a parasitic cellular system as a function of floor.
1 n -B U il d inq M eas u rem en ts and-Path loss umerous RF measurements were made between June 28 and July 1, 1993 in a 48-story rectangular office N building located in the center of a large city. The signal strength of all 395 outdoor advanced mobile phone system (AMPS) cellular forward voice channels on different floors and faces of the building were measured to determine how received signal strength varies inside the building. All of the measurements were taken close to windows to allow maximum RF signal penetration into the building. Figure 1 shows the building under study surrounded by the initial 54 cell sites ranging from a distance of approximately 2 km to 20 km from the building. All but two of the cell sites are actually three collocated sectors, and voice channels are assigned to each of the sectors. Initial cell site effective radiated power (ERP) levels were typically either 16, 40, or 100 W, and all sectored antennas were oriented either 0, 120, or 240 degrees counterclockwise from due north. We used the cellular plan database of macrocell sites pro- , where the path loss exponent was found by using linear regression analysis on the signal strength based on measurements from the eight selected cell sites. Our propagation model does not include any additional signal attenuation due to building penetration, thereby providing "worst-case" cellular frequency reuse conditions for the parasitic system. Note that the propagation model, as a function of floor, is a key part of the simulation, since this governs the interference on the forward links from the macrocellular base stations. Our path loss model is first-order, not accounting for shadowing or time-varying effects. However, since such second-order variations are generally zero mean [Z], the distanceand floor-dependent path loss model for the interfering base stations provides a reasonable first-order model for interference from the macrocells into the building. The interference level into the building defines the indoor system interference floor, thus giving a baseline for determining the number of indoor channels that may be available to a parasitic system due to macrocell interference [l] .
I
M a cro ce ZZ U Z a r Sys te Interference nterference on the parasitic forward channels is created by cochannel cells elsewhere in the macrocellular system. (Reverse link interference was ignored for simplicity, based on the assumption that ground-based macrocell mobiles near the building would be served by other channels.) Therefore, the location of all co-channel cells with respect to each other directly affects the amount of interference seen by a receiver in a building.
It is clear from Table 1 that fewer channels will likely be available to a parasitic indoor cellular system as the floor number increases. Thus, the growth of the outdoor system will directly impact the capacity of an indoor system over time, and the impact of a maturing outdoor cellular system on in-building frequency reuse must be projected. Before accurate growth projections can be made, however, the decision to split cells must be simulated, and this decision is based on cell blocking and interference between outside cells as the svstem mows land has nothing to do with the parasitic in-buildiLg systzm).
By quantifying the macrocellular interference with the link analysis and known cell site parameters, it is possible to relate the topology of the cells to the level of interference at the coverage boundary of any cell. This is important because we wish to model the logical progression of cell splits in a cellular system over time, and a means for evaluating the most sensible cell splits in terms of system performance is required to properly predict capacity over time. Fortunately, the same distance-dependent propagation model used to predict the interference from macrocells on the ground floor of the building can also be used to determine the interference between macrocells in the outdoor system. This allows us to determine explicit voice channel sets that can be reused throughout the outdoor system as it grows with time. Thus, the simulations actually grow and retune the channel sets over the geographic area of the macrocellular system [4].
The forward channel co-channel interference ratio (C/I) is the ratio of the power in a channel from a desired cell to the sum of the powers from all the interfering co-channel cells. As this ratio decreases, the interfering co-channels have more of a detrimental impact on the desired channel, and the quality of service decreases at the border of the desired cell. C/I generally decreases as the distance between the mobile and the desired cellular transmitter increases. In this work, C/I values were computed in the simulations along the cell's boundary, or coverage footprint. C/Is need be calculated only for a single channel within the entire channel set belonging to a cell. A cell was defined by the area surrounding a base station antenna where the received power at any point inside the area is stronger than or equal to a particular threshold. The threshold, typically set at -85 dBm for AMPS, designates the weakest received power level a mobile subscriber can receive while still maintaining an adequate level of service. The -85 dBm contour is formed in the simulation by calculating the distance at 25 equally spaced points around the azimuthal (horizontal) antenna pattern that yields a -85 dBm signal strength, and connecting a closed line between area under study would be a reasonable approximation for modeling subscriber growth. In 1992, the sponsor projected a subscriber annual growth rate of 40 percent in the urban core and 20 percent in the suburban areas of the city, as shown in Fig. 1 . In order to show how a cellular system matures over time, cellular traffic must be modeled. The system under study used the Advanced Mobile Phone Service (AMPS) standard with 395 voice channels available throughout the market, and market data showed that in 1992 70,000 calls occurred during a busy hour with an average call duration of 1.5 min. Our simulations then grow the number of subscribers from the initial conditions in each tier as a step function in three-month intervals. At each of these three-month intervals the new number of subscribers in each cell is calculated, and the grade of service for cach of the cells is computed using the Erlang-B formula [3, 51. This formula returns the percentage of call blockage based on the number of subscribers in each of the cell sectors and the number of voice channels allocated to each cell sector. For an initial uniform call blockage of 2 percent, the initial number of subscribers during a busy hour is approximately 20,000.
As the number of subscribers increases in a network with a
W Figure 3. Subscribergrowth and number of simulated cell splits vs. time.
fixed number of cells, the probability of a blocked call also increases. Table 2 . Antenna height and downtilt are assigned to the new base stations, depending on how many times the base station has been sulit vreviouslv (Fig. 3) . Almost four years of subscriber growth are required for the number of subscribers in some of the cells to increase to the point where the call blockage rate again reaches 5 percent. The cell splits between years 4 and 6 represent the cells in the urban core which are again splitting into third-generation cells.
Future In-Building Channel AvaiZabi1ii-y s macrocells split in the outdoor system and some of the new cells were situated closer to the building, the simulation computed in-building channel availability to determine how these cell splits affected the number of channels available for reuse. A channel was deemed to be available if the macrocell produced a signal strength below some threshold inside the building. Cell splits were based on the model of signal strength at ground level on a base station's coverage footprint (which was not measured), yet channel availability inside the building is based on interference measurements relative to the 6th floor. Thus, analysis was performed using the two separate floor gain constants, 0 dB and 25 dB, to provide optimistic and pessimistic estimates on channel availability as a function of floor number. A gain constant of 0 dB indicates that the signal from the outdoor cellular system on the building's ground floor is the same as that on the sixth floor. The link analysis in [4, 51 is used to compute the received power on the ground floor and all signal strength values for higher floors are taken from Table 1 . This provides an optimistic estimate of the number of channels available in the building since the macrocellular signal level received on the sixth floor is assured to be the same as on the ground floor, where, in actuality, the ground floor signal would be weaker. (Given the low base station antenna heights in third generation cells, ground clutter is likely to attenuate received signals at the ground floors.) The gain constant of 25 dB indicates that the signal level on the sixth floor is -25dB greater than the signal level on the ground floor, so 25 dB is added to all values specified in Table 1 for use in the frequency reuse calculations. This provides a more pessimistic (but perhaps more realistic) estimate of the channel availability since the signal level difference between the ground and sixth floors will probably be on the order of 25 dB [1, 31.
Based on the measurements made and our initial channel availability predictions (year 0, Fig. 4) , it is clear that there were hundreds of channels available to an in-building parasitic cellular system in 1992, even on the upper floors. However, this number drops significantly as the outdoor cellular system matures and cells split over time. As shown in Fig. 5 , the upper building floors lose well over half of their available channels as early as one year into the simulation. (Fortunately, a single AMPS channel is equivalent to three NAMPS or IS-541136 channels.) However, even on the top of the building 12 (or 36) channels are available. Our simulations also show that the lower floors (1-6) of the building under study are mostly unaffected by the growth of the cellular system due to the local clutter surrounding the building. Figure 6 shows how the predicted channel availability changes with time on the sixth floor. After six years of predicted macrocellular growth, there are at least 264 AMPS channels available for reuse on this floor. The channel availability statistics get worse as we move to higher levels in the building. Figure 9 shows the number of channels available as a function of year for the 30th floor; channel availability is similar for floors above the 30th floor [4] . By year 6 there will be at most 75 (and as few as 5 ) AMPS channels available for indoor use, assuming a -85 dBm availability threshold inside the building. If the threshold is lowered to -90 dBm, there will be at most only 15 channels (and no channels in the worst case) available for reuse on the 30th floor [4] . When the threshold is lowered further to -95 dBm, only 5 AMPS channels (and no channels in the worst case; see Fig. 10 ) are available for reuse on the 30th floor and above [4] . On the other hand, if the indoor availability threshold is raised to -80 dBm, the number of channels available for parasitic reuse on or above the 30th floor is about three times that available with a -85 dBm threshold [4] . It is apparent that by the turn of the century, indoor parasitic systems using AMPS channels will need to work with outdoor received powers as high as -85 dBm.
Conclusion
e have shown that an in-building cellular system can coexist on the same channel set used for outdoor sys-W tems, even after periods of rapid growth in the outdoor system manifested by numerous cell splits and significant increases in subscriber numbers. However, for AMPS channels, as the outdoor cellular network becomes more densely packed, the potential for interference is such that indoor parasitic systems must be designed to operate with co-channel interference levels of -85 dBm or slightly higher to be useful. This may require special precautions at the higher stories, such as distributed antennas (leaky feeders), shielded windows, and higher parasitic cellular transmit power. Based on this study, a modeling tool for multistory buildings has been developed [7] and is currently in use for parasitic system installation. A number of assumptions and a simulation methodology have been proposed here to study coexisting wireless systems as they grow over time. Clearly, the interference propagation model and a thorough understanding of the year 0 (initial conditions) status and cellular layout of the coexisting systems are key to accurate simulations. The ability to use shedding in the construction of buildings would greatly reduce the interference from a macrocellular system, and could provide indoor parasitic systems with much greater capacity than shown here.
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